Background: T 1 mapping is often used in some clinical protocols. Existing techniques are limited in slice coverage, and/ or spatial-temporal resolution, or require long acquisitions. Here we present a multi-slice inversion-recovery (IR) radial steady-state free precession (radSSFP) pulse sequence combined with a principal component (PC) based reconstruction that overcomes these limitations. Purpose: To develop a fast technique for multi-slice high-resolution T 1 mapping. Study Type: Technical efficacy study done prospectively. Phantom/Subjects: IR-radSSFP was tested in phantoms, five healthy volunteers, and four patients with abdominal lesions. Field Strength/Sequence: IR-radSSFP was implemented at 3T. Assessment: Computer simulations were performed to optimize the flip angle for T 1 estimation; testing was done in phantoms using as reference an IR spin-echo pulse sequence. T 1 mapping with IR-radSSFP was also assessed in vivo (brain and abdomen) and T 1 values were compared with literature. T 1 maps were also compared with a radial IR-FLASH technique. Statistical Tests: A two-tailed t-test was used to compare T 1 values in phantoms. A repeatability study was carried out in vivo using Bland-Altman analysis. Results: Simulations and phantom experiments showed that a flip angle of 20˚was optimal for T 1 mapping. When comparing single to multi-slice experiments in phantoms there were no significant differences between the means T 1 values (P 5 0.0475). In vivo results show that T 1 maps with spatial resolution as high as 0.69 mm 3 0.69 mm 3 2.00 mm (brain) and 0.83 mm 3 0.83 mm 3 3.00 mm (abdomen) can be generated for 84 brain slices in 3 min and 10 abdominal slices in a breath-hold; T 1 values were comparable to those reported in literature. The coefficients of variation from the repeatability study were 1.7% for brain and 2.5-2.7% in the abdomen. Data Conclusion: A multi-slice IR-radSSFP technique combined with a PC-based reconstruction was demonstrated for higher resolution T 1 mapping. This technique is fast, motion-insensitive and yields repeatable T 1 values comparable to those in literature.
sequences. T 1 mapping based on gradient echo pulse sequences can be achieved by acquiring data using variable flip angle radiofrequency (RF) pulses (typically two to four) or by using an adiabatic 1808 inversion pulse followed by a train of small flip angle RF pulses 11 ; the latter is known as the modified Look-Locker inversion recovery (MOLLI). The variable flip angle approach is more sensitive to B 1 inhomogeneity and requires B 1 mapping for accurate T 1 estimation. MOLLI, on the other hand, is more robust to B 1 inhomogeneity and does not require B 1 mapping. [12] [13] [14] Combined with parallel imaging, MOLLI and its faster version, short MOLLI or ShMOLLI, yield single-slice T 1 maps within 10-20 s with limited spatial resolution ($ 2 mm in-plane) and are typically used for cardiac or abdominal imaging applications. 15 T 1 mapping has also been proposed in the context of non-Cartesian k-space trajectories, which take advantage of higher sampling of the center of k-space, thus allowing parameter mapping with high spatial and high temporal resolution, yet with less acquired data. A method known as magnetic resonance fingerprinting (MRF) 16 based on a spiral kspace trajectory yields T 1 , T 2 , and off-resonance maps from data acquired in 12 s and was demonstrated for parameter mapping of the brain for two slices 17 and the abdomen for a single slice. 18 Ehses et al proposed a single slice radial steadystate free precession (SSFP) technique together with a view sharing approach for high-resolution T 1 and T 2 mapping 19 ; the method required extra scans to correct for pulse imperfections and magnetization transfer effects. Wang et al, recently proposed a radial fast low angle shot (FLASH) method and a nonlinear model based reconstruction for high-resolution T 1 mapping 20 and was demonstrated for single slice brain and abdomen. Although the method provides high spatial resolution, the technique uses a FLASH acquisition, which limits the signal-to-noise ratio (SNR).
Here, we present an inversion-recovery (IR) radial balanced-SSFP (radSSFP) technique for high SNR T 1 mapping and efficient multi-slice excitation. The method takes advantage of the properties of radial undersampling, combined with a principal component (PC)-based reconstruction, to yield T 1 maps with high temporal and spatial resolution in less than 3 s per slice. The multi-slice IRradSSFP technique is demonstrated in phantoms, and in high-resolution T 1 mapping of the brain and abdomen.
Materials and Methods
Algorithms were implemented in MATLAB (Mathworks, Natick, MA) and C/C11 with OpenCL (The Khronos Group, Beaverton, OR).
Technique
A diagram of the IR-radSSFP pulse sequence is shown in Figure  F1 1a. The pulse sequence starts with a slice selective 1808 adiabatic inversion RF pulse followed by a train of ramping RF pulses to reduce transient signal oscillations. Data are collected using a second train of RF pulses with constant flip angle (FA) and a radial k-space trajectory. All the k-space data for a slice are acquired in a single shot after the inversion period followed by an interslice delay and the acquisition of data for the next slice. The duration of the data acquisition per slice is dependent on the total number of views. The duration of the interslice delay can be kept to a minimum by using the appropriate slice interleaving scheme. A diagram of the signal evolution for the acquisition of each slice of data is also shown in Figure 1a . Because all the views for a given slice are acquired after one inversion pulse, each view is associated with a specific inversion time (TI). To reconstruct T 1 maps, N views are grouped together, as indicated schematically in the figure, with the TI for each group approximated to the average TI of the views in the group. Data for each slice are acquired with a tiny golden angle view ordering (23.638) 21 thus, any arbitrary number of radial views can be used on each group giving flexibility to the reconstruction algorithm. To reconstruct T 1 maps from highly undersampled TI data, a model-based reconstruction approach can be used to maximize the data consistency:
(1)
In Eq. [1] , P denotes the total number of TI images (i.e., the number of TI groups), FT j is the forward nonuniform Fourier transform (NUFFT) 22 for the j th TI. C i denotes the coil sensitivity maps that are incorporated into the problem naturally when using a multiple channel receiver coil for data collection. K i; j is the measured k-space data at TI j from the i th receiver RF coil. S j is the image at the j th TI.
The model for the signal recovery curve after the inversion pulse can be derived from the Bloch equations. Given the 1808 adiabatic inversion RF pulse, the FA of the ramping and the imaging RF pulses, a, the imaging parameters, TE and TR, and the T 1 and T 2 values of a specific spin species, the signal intensity at the j th TI point, s j; can be expressed as:
where Z j represents a function based on the Bloch equation. Because the analytical expression for the function Z j does not exist, it has to be computed numerically. It was previously shown that nonlinear equations, such as Eq. [2] , can make model-based reconstructions, such as Eq. [1] , unstable. 23 To overcome this problem, we approximate the signal model as a linear combination of precalculated PCs. The PCs are obtained by singular value decomposition (SVD) analysis on a training set of inversion-recovery curves generated by the Bloch simulation described by Eq. [2] . The training curve set covers a given range of T 1 
where m i is the PC coefficient for the i th PC and e * is the approximation error.
Let N x and N y denote the x and y dimension of the TI images, and B denote a P 3 P matrix whose rows are the P PCs sorted from the most to least significant. Truncation of the matrix B is used to exploit the temporal sparsity, which is done by selecting the first L rows of B to form a new L 3 P matrixB. M denotes the (N x 3 N y ) 3 L matrix of the PC coefficients. LetB j denote the j th column of the matrixB. The j th TI image can then be approximated by MB j . Thus, the model-based reconstruction can be reformulated as follows:
In addition to the data consistency term, a total variation (TV) term 24 is included in Eq. [4] to exploit spatial sparsity in the PC coefficient domain. In Eq. [4] , M l denotes the l th column of the M matrix and the TV operator works along the columns of M . The values of the regularization parameters k l are determined empirically (see below). Note that this algorithm only recovers L PC coefficients during reconstruction and, thus, reduces the number of parameters that need to be estimated. After solving the optimization problem described by Eq. [4] , the TI images are obtained byMB. There are multiple approaches for fitting T 1 maps to TI images. For example, the relaxation curves (obtained using Bloch simulations during generation of the PCs) can be used to form a dictionary and the best match between the reconstructed data and the atoms in the dictionary can be used to determine the T 1 values. The drawback of the dictionary approach is that it requires a large amount of memory to store a large dictionary. An alternative approach is to fit the IR-SSFP T 1 recovery model described in Schmitt et al 25 to the reconstructed TI data. The model can be written as: 
Simulations
Because the accuracy of T 1 estimation based on the model described by Eq. [5] depends on the FA of the excitation, 25 simulations were performed to optimize the FA for data acquisition. For a given FA, a series of inversion-recovery curves with T 1 values ranging from 100 ms to 3000 ms and T 2 values ranging from 10 ms to 300 ms were generated for 512 TI points using Eq. [2] with B 0 50 Hz, TE 5 1.81 ms; TR 5 3.61 ms; and TI 5 70 ms. Every N 5 16 points from the recovery curves were grouped into a TI group and the average signal value was calculated. SVD analysis was performed on the generated curves to obtain the 5 PCs used in the reconstructions.
To determine the optimal FA, the T 1 curves were generated for a 5 108, 158, 208, 258, 308, 358, and T 1 values were calculated by fitting the generated curves to Eq. [5] using the method proposed by Barral et al. 26 The T 1 values were compared with the true T 1 values to estimate the error associated with different FAs.
To evaluate the effect of combining different number of views per TI on the reconstruction of TI images and the accuracy of T 1 mapping, computer simulations were performed using a noiseless digital phantom composed of eight circular objects with T 1 5 300 ms, 400 ms, 500 ms, 700 ms, 900 ms, 1100 ms, 1300 ms, and 1500 ms. Reconstructions were performed for 4, 8, 16, 32, and 64 views per TI.
MRI Experiments
The IR-radSSFP pulse sequence was implemented on a 3T MRI scanner (Skyra, Siemens Healthcare, Malvern, PA) by modifying the manufacturer's source code for the True FISP pulse sequence. In all IR-radSSFP acquisitions, 10 RF pulses ramping from 08 to the prescribed FA were used to reduce transient signal oscillations.
A phantom from the National Institute of Standards and Technology (NIST, Gaithersburg, MD), covering the range of T 1 / T 2 values typically found in vivo, was used for the evaluation of T 1 estimation. 27 Due to the smaller size of the NIST T 1 /T 2 samples, custom-made NiCl 2 /agarose phantoms with a larger coverage in the slice direction (20 cm) were used to evaluate the performance of multi-slice T 1 mapping. Phantom data were collected using a 32-element head-and-neck coil with a field-of-view (FOV) of 28 cm, TE 5 1.81 ms, TR 5 3.61 ms, slice thickness 5 5 mm, 512 radial views (yielding 32 TI groups) with 320 readout points along each view. All in vivo studies were performed in compliance with the human research subject guidelines and the institutional review board. Subjects were recruited on a voluntary basis and informed consent was obtained from healthy volunteers and patients. The parameters for the brain experiment were: TE 5 2.08 ms, TR 5 4.16 ms, initial TI 5 80 ms, FOV 5 22 cm, the acquisition matrix was 320(readout) 3 512(views), and slice thickness 5 2 mm. The parameters for the abdominal experiment with 1.00 3 1.00 mm in plane resolution were: TE 5 1.95 ms, TR 5 4.00 ms, initial TI 5 70 ms, FOV 5 32 cm, the acquisition matrix size was 320(readout) 3 512(views), and slice thickness 5 3 mm or 5 mm. Data for the abdominal experiment with 0.83 3 0.83 mm in plane resolution were acquired with TE 5 2.15 ms, TR 5 4.40 ms, initial TI 5 70 ms, FOV 5 32 cm, the acquisition matrix size was 384(readout) 3 512(views), and slice thickness 5 3 mm. For comparison, data for abdominal T 1 mapping were also acquired with the radial IR-FLASH pulse sequence. For the acquisition with in-plane resolution51.00 3 1.00 mm, TE 5 2.1 ms and TR 5 3.9 ms; for data acquired with in-plane resolution50.83 3 0.83 mm, TE 5 2.3 ms and TR 5 4.3 ms. All other parameters were the same as the IR-radSSFP.
In healthy volunteers, we evaluated the T 1 values obtained with IR-radSSFP on multiple regions of interest (ROIs) within the brain (white and gray matter) and within the abdomen (liver, pancreas, spleen, kidney, and muscle). The T 1 values and standard deviation from the ROIs were calculated and compared with literature reported values. The abdominal in vivo T 1 maps obtained with IR-radSSFP and radial IR-FLASH were compared subjectively in terms of artifacts and SNR.
A repeatability study was performed in five normal volunteers to evaluate the precision of the T 1 estimates in the brain and the abdomen by imaging the subjects twice during the same scanning session without the subject stepping out of the scanner between scans. The scanner preadjustments were reset before the second scan. Mean T 1 estimates were obtained from ROIs in the brain and the abdomen T 1 maps for the repeated acquisitions.
In patients, a single slice Cartesian MOLLI T 1 mapping pulse sequence (based on a SSFP acquisition) was used to acquire T 1 maps of the abdomen. The parameters for the MOLLI pulse sequence were: TE 5 1.2 ms, TR 5 2.8 ms, TI 5 180 ms, FA 5 358, base resolution 5 240, phase encoding steps 5 142, GRAPPA acceleration factor 5 2. The in-plane spatial resolution was 1.50 3 1.50 mm and the slice thickness was 5 mm. These parameters are typical of the MOLLI T 1 mapping protocol used in our clinic. The total scan time for single slice MOLLI was 17.2 s. ROI analysis (T 1 mean and standard deviation) was performed for the lesions on both IR-radSSFP and MOLLI T 1 maps.
Multi-slice Protocol
Inversion slice profile imperfections were minimized by using an inversion RF pulse with a slice thickness factor of 1.5 relative to the slice thickness associated with the a RF pulses. To estimate errors due to cross talk between adjacent slices, a set of experiments were carried out in the brain by varying the distance between two adjacent slices from 0% (0 mm slice distance) to 800% (8 times the slice thickness). T 1 values for the second slice were compared with those acquired from a single slice at the same location and used as a reference. The experiments showed that at a distance factor of 800%, the cross talk is negligible. Because a slice distance factor of 800% is not practical for efficient slice coverage, a sliceexcitation scheme based on the concept of multiple slice groups combined with interleaving slice ordering was used. The number of slice groups (G) was determined from the following equation:
G5
EffectiveDistFactor 3 SliceThickness ðSliceThickness1SliceGapÞ32 ;
where the effective distance factor was set to 800%. When the total number of slices (Numslices) is a multiple of G, the number of slices per group is Numslices/G. When Numslices is not a multiple of G, the number of slices for the first G-1 groups is the quotient of Numslices/ G; the number of slices for the last group is the residual of Numslices/ G. Conventional interleaving schemes are used within each slice group; the groups are also interleaved among themselves to fill up all slice spaces. The slice grouping and interleaving scheme is illustrated in Figure 1b for Numslices 5 24 and G 5 4. As shown in the figure, temporally adjacent slices are guaranteed to have an 800% slice distance factor. This slice-ordering scheme resulted in a minimum time gap between two spatially adjacent slices of more than 3 times the time used to acquire one slice (i.e., 6-9 s). This allows sufficient time for the spins to recover before the acquisition for its neighboring slice starts.
Image Reconstruction
For all reconstructions N 5 16, corresponding to a 4% sampling (relative to the Nyquist criteria) for each TI data set. To precompute the PCs needed for the model-based reconstruction of undersampled data, a training set of T 1 recovery curves were generated for T 1 values ranging from 100 ms to 3000 ms with step size of 5 ms and T 2 values ranging from 10 ms to 330 ms with the same step size. PCs were obtained using SVD with L 5 5 used in the reconstruction. The forward and inverse Fourier transform operations in Eq. [4] were performed using the NUFFT toolbox. 22 The complex coil sensitivity maps C i in Eq. [4] were calculated with the ESPIRiT toolbox. 28 The center portion of all the lines acquired were used in the ESPIRiT toolbox as the calibration region to generate the sensitivity map. A nonlinear conjugate gradient (NLCG) algorithm with line search initialized by steepest descent 29 was used to search for the minimum of Eq. [4] . A fixed number of 100 NLCG iterations were used in this study. The algorithm was initialized with images obtained using NUFFT of highly undersampled data. The weighting parameters for the TV term were chosen empirically. In the experiments presented in this study, k 1 
Statistical Analysis
A two-tailed t-test was used to compare the T 1 values from single to multi-slice experiments. For the repeatability study, mean T 1 estimates were obtained from ROIs in the brain and the abdomen T 1 maps for the repeated acquisitions and a BlandAltman analysis was performed to assess the agreement of the T 1 estimates. The repeatability coefficient (1.96 times the standard deviation of the difference in mean estimates) and the coefficient of variation (percentage standard deviation of the differences) were computed to determine the variation between the repeated measurements.
Results

Flip Angle Optimization
which is the range typically found in vivo. T 1 estimation errors, compared with a reference inversion recovery spinecho experiment, were calculated for various FAs using data acquired on a NIST physical phantom covering T 1 and T 2 values typically found in vivo. Results are shown in Figure  F3  3 . As expected from the model, the error is higher as the FA increases and the trend is best seen for species with shorter T 2 s. Based solely on the model, we expect the T 1 error for FA 5 58 to be the lowest, however, as shown in Figure 3 , the error is higher than for FAs in the 108-258 range. The larger T 1 error at FA 5 58 is most likely due to the lower SNR when acquiring data with such a small FA. In all experiments presented in this study, we chose the FA 5 208 as the best compromise between T 1 model accuracy and the effect of SNR expected in vivo. T 1 s calculated for FA 5 208 for the NIST phantom samples are shown in Table  T1 1.
Multi-slice Evaluation
To evaluate the effect of multi-slice excitation on T 1 estimation we used physical phantoms with a 20 cm coverage along the slice direction and compared T 1 values measured with the multi slice-selective IR-radSSFP to a single slice acquisition (Table  T2  2 ). No significant difference was found between the means (P 5 0.0475).
In Vivo Imaging
Results for a gapless whole brain T 1 mapping experiment are shown in Figure  F4 4 for data acquired with 0.69 mm 3 0.69 mm in plane resolution and 2-mm slice thickness. Data for 84 slices (G 5 4) were acquired in 3 min and 2 s. The T 1 estimates from white and gray matter ROIs (Table  T3 3) fall within the literature reported values. 30, 31 Results of the IR-radSSFP and IR radial FLASH T 1 mapping techniques in the abdomen are compared in Figure  F5  5a and 5b. Figure 5a shows the comparison of T 1 data (excluding visible vasculature), pancreas, kidney (medulla and cortex), spleen, and muscle for both abdominal experiments are shown in Table 3 . Note that the T 1 estimates are consistent between the two abdominal experiments and match literature reported values.
32,33
The results of the repeatability experiments for five healthy subjects are shown in Figure  F6  6 for the brain and abdomen at the two aforementioned spatial resolutions. The difference in T 1 values satisfied the normality assumption (P > 0.6 according to the Shapiro-Wilk test). The Bland Altman plots indicate a high degree of agreement in the mean T 1 values from two separated experiments. The variations between two measurements relative to their means are within 4% in the brain and within 5-6% in the abdomen. The coefficient of variation (CV) for the brain experiement was 1.7%; the CV was 2.7% and 2.5% for the abdominal experiments with lower and higher spatial resolution, respectively.
Figure F7 7a presents abdominal T 1 maps obtained with the IR-radSSFP technique for four clinical cases. The first two subjects have metastatic lesions, the third subject has a hemangioma at the dome of the liver and the fourth subject has a diagnosis of chronic kidney disease with multiple renal cysts. The T 1 values for the three metastatic lesions (subjects 1 and 2) are 1327 6 134 ms, 1525 6 175 ms, and 1923 6 484 ms. The latter lesion (highlighted by the yellow arrow in subject 2) has areas of higher T 1 values within the lesion corresponding to areas of necrosis. The T 1 for the hemangioma (subject 3) is 1687 6 262 ms. The T 1 value for the small renal cyst (subject 4) is 3328 6 408 ms. Subject 4 also has poor differentiation between the renal cortex and medulla consistent with chronic kidney disease. Although with both techniques the lesions are clearly seen due to the difference in T 1 between liver (or kidney) and lesion, MOLLI only yields one slice per breath hold making full abdominal assessment impractical. The IRradSSFP technique yields 10 slices per breath hold, thus, the full abdominal coverage can be achieved in 3 breath holds. Another advantage of the multi-slice IR-radSSFP technique is that the signal from blood has an apparent low T 1 (due to the fact that spins flowing into the slice are not affected by the slice selective inversion pulse) making small lesions adjacent to blood vessels more conspicuous. This can be better appreciated in the T 1 maps for subject 2, where the signal from blood vessels in standard MOLLI imaging is similar to the metastatic lesions, rendering lesion detection less conspicuous. This is not the case in the IR-radSSFP T 1 map where the two small metastatic lesions can be clearly identified and not confounded by blood vessels.
T 1 Accuracy with Different Views/TI
Computer simulations were performed to evaluate the T 1 accuracy for different views/TI. Figure  F8 8a shows simulation results for 4, 8, 16, 32, and 64 views/TI. As can be seen from the figure, data reconstructed from 4-32 views/TI have similar T 1 accuracy (relative T 1 error is within 5%) with the standard deviations being slightly higher for 32 views/TI. For 64 views/TI, the relative T 1 error increases to approximately 10% and the standard deviation within each phantom also increases. Figure 8b illustrates the effect of number of views per TI on the reconstruction of TI images and T 1 maps. The figure shows in vivo abdominal TI images (three out of the full data set) and T 1 maps corresponding to data reconstructed with 4, 8, 16, 32, and 64 views/TI. Note that there are no visible streaks (or undersampling artifacts) even for 4 views/TI. This is because the acquired data (512 views) provide good coverage of k-space and our reconstruction uses the data jointly for T 1 estimation. It is also important to note that the resulting T 1 maps are not significantly different for the various views/TI. However, as the views/TI decreases there is an increase in reconstruction time. In this study, the choice of 16 views/TI was made based on the best compromise between T 1 accuracy and computational efficiency.
Discussion
In this work, we introduced a multi-slice IR-radSSFP technique for fast acquisition of TI data and the generation of high-resolution T 1 maps from highly undersampled data using a PC-based reconstruction approach. Because data acquisition is based on a radial trajectory and all data for each slice are acquired in a few seconds, the method is motion robust, which is an advantage for applications such as abdominal T 1 mapping. The IR-radSSFP technique provides both higher spatial and temporal resolution data for T 1 mapping. The higher spatial resolution of the technique allows for submillimeter T 1 mapping in less than 3 s per slice; the temporal resolution is also high ($50-60 ms) yielding 32 time points to fit the data. With current T 1 mapping techniques based on Cartesian trajectories only two to three time points are acquired to keep imaging time within practical limits and, even so, imaging times are significantly longer than the proposed IR-radSSFP method. For instance, the driven equilibrium single pulse observation of T 1 (DESPOT1) method, 35 were also demonstrated for single slice acquisition; both were based on a nonselective inversion RF pulse, which would require waiting 3-5 3 T 1 for recovery before the next slice excitation and thus, inefficient for multi-slice acquisitions.
The combination of a slice-selective inversion RF pulse with an interleaved slice-ordering scheme in the IR-radSSFP technique presented here was designed to acquire data during the recovery periods between 1808 excitations, thus providing time-efficient anatomical coverage. We demonstrated the technique for a fast 3 min brain scan (84 slices with in plane resolution 5 0.69 mm 3 0.69 mm) and 20 s abdominal scan (10 slices with in-plane resolution of 1.00 mm 3 1.00 mm or 0.83 mm 3 0.83 mm). The slice selective excitation has the added advantage of yielding an apparent low T 1 for flowing spins, which improves conspicuity of pathologies with similar T 1 as blood vessels (e.g., focal liver lesions).
Quantitative imaging biometrics of tissues and diseases is a growing area of focus. The possibility of introducing a of the abdomen, where IR-radSSFP should be ideal due to acquisition speed and robustness to motion, has been proposed for a variety of applications, including liver, kidney, and pancreatic disease. 4, 5 For example, abnormally diminished T 1 signal has been described as a possible biomarker for chronic pancreatitis. The acquisition speed of the IR- radSSFP technique can also enable dynamic T 1 mapping with higher frame rates compared with existing techniques. Dynamic T 1 mapping can be used to characterize tumors and monitor tumor treatment response 37, 38 or to study the effect of physiological challenge in organs. 4 The technique was implemented using a balanced SSFP pulse sequence to take advantage of its intrinsic high SNR. Because the SSFP pulse sequence is sensitive to banding and signal dropout artifacts, in particularly at higher magnetic fields due to off-resonance effects, appropriate shimming within the imaging volume has to be done before data collection. In addition to the sensitivity to B 0 field inhomogeneity, signal nulling may be worsened by trajectory errors in the radial trajectory, introduced by gradient delays. To minimize this effect, the readout gradients in the IR-radSSFP pulse sequence were tuned to correct for gradient delays. This process is only required once when the pulse sequence is implemented.
The reconstruction algorithm introduced in this study was implemented using C/C11 with OpenCL to target multi-GPU platforms, while the same OpenCL code works on central processing unit (CPU) platforms as well. In the implementation, the full algorithm is run on the graphics processing unit (GPU) with slices distributed to different GPUs as workload. The implementation is able to reconstruct each slice in 3 min using 16 views/TI on a workstation with 4 NVIDIA (Santa Clara, CA) Titan X GPUs. Combining the ability to install more GPU cards into a workstation with algorithmic and implementation-level accelerations, we anticipate further reductions in the reconstruction times. Computation and memory consumption played a role in our choice of number of views per TI because there is an increase in reconstruction time and memory usage as the number of views per TI decreases.
When the number of views per TI < 8, the reconstruction will no longer be able to fit in a GPU's onboard DRAM, and the reconstruction program has to run on a CPU platform, thus significantly increasing the reconstruction speed. This is primarily a technical study with examples in healthy volunteers and subjects with abdominal pathologies to show the performance of the technique for fast multislice high-resolution T 1 mapping. To prove the full utility of the technique for lesion detection and characterization and other clinical applications, a separate study for each potential application would be needed where sensitivity and specificity can be tested. The study was limited to T 1 mapping at 3T. Future implementation and testing of the technique will be needed to assess the utility of the technique at 1.5T. In this study, we tested the repeatability of the IR-radSSFP technique. The technique shows that variability of IR-radSSFP is within 4% in the brain and 5-6% in the abdomen. Although these numbers are low, it is hard to make a general statement on the suitability of the technique's repeatability because that is application dependent.
In conclusion, a fast T 1 mapping method using highly undersampled data acquired with a multi-slice radial steadystate free-precession pulse sequence and a PC-based iterative reconstruction was proposed. The method yields data for T 1 mapping with high spatial and temporal resolution from data acquired in a short period of time ($3 s per slice) and uses an efficient slice-ordering algorithm to reduce dead time between slice excitations. The technique was demonstrated in phantoms and in volunteers. The technique should enable clinical applications and research studies where high-resolution, acquisition speed and resistance to physiological motion effects are desired. In vivo abdomen T 1 maps from four subjects with abdominal neoplasms. The T 1 maps were obtained from data acquired with the proposed (a) IR-radSSFP pulse sequence and (b) the commercially available MOLLI technique. Subjects 1 and 2 have metastatic lesions, subject 3 has a hemangioma at the dome of the liver and subject 4 has renal cysts and a diagnosis of chronic kidney disease. IR-radSSFP data were acquired with in-plane spatial resolutions of 1.00 mm 3 1.00 mm (for subjects 1-3) and 0.83 mm 3 0.83 mm (for subject 4); the slice thickness was 3 mm. MOLLI data were acquired with in-plane spatial resolution 5 1.50 mm 3 1.50 mm and slice thickness 5 5 mm (following the clinical protocol).
